acids, either alone or in mixture, gave no or only very small amounts of itaconic acid.
In the present investigation the ability of A. terreus to form itaconic acid from a variety ofcarbon sources has been investigated, using the methods developed in our laboratory for the study ofitaconic acid production by cultures growing on a shaker (Larsen & Hovden, in preparation) and by nonproliferating mycelial suspensions (Larsen & Eimhjellen, 1955) . The results of these experiments, which have been carried out in both the presence and absence of metabolic inhibitors, serve as a basis for a discussion of the mechanism of itaconic acid formation. EXPERIMENTAL The experiments were carried out with A. terreus, strain NRRL 1960. Growth experiments were carried out with cultures grown in acid media on a shaking machine as described in the previous paper (Larsen & Eimhjellen, 1955) ; using this technique various compounds were tested as carbon source both for growth and for itaconic acid production.
To measure the QO, (Ild. 02 consumed/mg. dry wt. mycelia/hr.) of non-proliferating mycelia the organism was grown on the acid glucose medium (Larsen & Eimhjellen, 1955) at 30°for 50-60 hr., centrifuged and washed with and suspended in either tap water acidified to pH 2-1 with H,SO, or in 0*067M sodium-potassium phosphate buffer (pH 7-0). Before use the suspensions were aerated for 2 days at 300 to reduce the endogenous respiration. Oxygen uptake was measured in conventional Warburg manometers, and the CO. was absorbed by 10 % (w/v) KOH in the centre well.
To test for itaconic acid production from various substrates by suspensions of non-proliferating mycelia, 50-60 hr. cultures grown in the acid glucose medium were harvested by filtration as described in the previous paper * Fellow of The Technical University. (Larsen & Eimhjellen, 1955) and suspended in the acid tapwater solution of pH 2*1. The suspensions were incubated with substrate according to Larsen & Eimhjellen (1955) . Samples were withdrawn at suitable time intervals and analysed after removal of the mycelium by centrifuging.
Reagent8. c6s-Aconitic acid was prepared according to Malachowski & Maslowski (1928) and Krebs & Eggleston (1944) ; DL-citramalic acid according to Michael & Tissot (1892) with the modification introduced by Marckwald & Axelrod (1899) ; itaconic acid according to Larsen (1954) ; and DL-isocitric acid according to Fittig & Miller (1889) and Ochoa (1948) . Oxaloacetic acid was obtained by saponification of the diethyl ester (Krampitz & Werkman, 1941) ; commercial pyruvic acid was purified according to Robertson (1942) . Preparations ofL-sorbose, L-rhamnose, L-fucose, L-xylose and D-lyxose were kindly furnished by Professor N. A. Sorensen. Other organic reagents were commercial preparations of highest purity available and were used without further purification.
Analytical methods. Dry matter was determined as previously described (Larsen & Eimhjellen, 1955) ; glucose and maltose according to Hagedorn-Jensenwith the modification of Fujita-Iwatake (Barrenscheen & Pany, 1941) ; total acid by alkali titration; itaconic acid by a semimicro modification of Friedkin's method (Larsen, 1954) ; citric acid according to Lardy(1949) and cis-aconitic acid according to Nekhorocheff & Wajzer (1953) . Control experiments showed that glucose, citric and itaconic acids did not interfere with the determination of cu-aconitic acid. Itaconic acid did not interfere with the citric acid determination to any significant extent. Pyruvic acid was determined by the method of Friedemann (1950) . Acetaldehyde formed by the mycelium in the presence of arsenite evaporated from the reaction mixture and was trapped in absorption tubes either as the bisulphite compound or as the 2:4-dinitrophenylhydrazone. The amount of acetaldehyde trapped in the bisulphite solution was determined iodometrically.
For the identification of pyruvic acid and acetaldehyde the 2:4-dinitrophenylhydrazones were prepared and recrystallized from 96 % (v/v) ethanol. The m.p.'s and mixed m.p.'s were determined using authentic samples prepared from commercial pyruvic acid and acetaldehyde. The Rp values of the 2:4-dinitrophenylhydrazones were determined by paper chromatography according to Cavallini, Frontali & Toschi (1949) .
When sodium arsenite was present glucose and itaconic acid were determined by the methods given above, save that determinations of blank corrections were made on aqueous solutions of sodium arsenite of the appropriate concentration instead of on water.
The various metabolic reaction mixtures were tested routinely for the presence of organic acids by paper chromatography as previously described (Larsen & Eimhjellen, 1955) .
RESULTS
Growth experiment8. These experiments were carried out with shake cultures. At the time of peak alkali titre the itaconic acid content was determined and the amount of growth judged by visual inspection. The results, which are presented in Table 1 , show that A. terreus, strain NRRL 1960, can grow on a large variety of sugars and alcohols; I955 even the methyl pentose L-rhamnose is utilized for growth. During growth the pH fell to 2-0-2-2.
The ability of the mould to produce itaconic acid from these compounds presents a somewhat different picture. Some of the substrates gave rise to a fair production of itaconic acid, but the yields were variable (Table 1) . In other cases no itaconic acid was detected in the fermentation liquor, although the substrate gave rise to good growth. Maltose, which gave rise to good growth but no itaconic acid in the growth experiments, was also readily utilized by non-proliferating mycelia grown in an acid glucose medium. Concomitantly with the utilization of maltose itaconic acid was produced at a rate well above that found in the absence of substrate (Table 3) . It thus seems probable that maltose can be converted into itaconic acid by A. terreue. molar yield of itaconic acid than did glucose, but occasionally the yield was as high or even higher. Table 4 shows the results of an experiment in which citric acid and glucose were tested separately and in a mixture. In this particular case the yield of itaconic acid from citric acid was higher than that from glucose. It should be noted that when citric acid and glucose were tested together, no citric acid was consumed by the mycelium, whereas glucose 
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Formation ofitaconic acid in the presence ofpyruvic acid. Although pyruvic acid was rapidly metabolized by non-proliferating mycelia, the amount of itaconic acid formed was less than that produced by the control without substrate (Table 3) . When a mixture of glucose and pyruvic acid was added, no glucose was consumed until all the pyruvic acid had been utilized. The amount of itaconic acid formed in the presence of such a mixture was not only smaller than that formed in the presence of glucose alone, but considerably smaller than that formed endogenously (Table 6 ). Inhibition of metaboli8m by fluoroacetate. Table 7 shows the results of an experiment on the influence of sodium monofluoroacetate on itaconic acid formation by non-proliferating mycelia in the presence of glucose. In the presence of a concentration of fluoroacetate of 10-"M or higher, the yield of itaconic acid was greater than that found in the absence of fluoroacetate. The values for the yield of itaconic acid (Table 7 , column 5) have been calculated on the assumption that fluoroacetate has no significant influence on the rate of endogenous itaconic acid formation. This is only true in part, since separate experiments have shown that at fluoroacetate concentrations greater than 10-8M, the rate of endogenous itaconic acid formation is lowered; consequently the corresponding values for '% molar yield' in Table 7 are probably too low. On the other hand, separate experiments on the rate of endogenous itaconic acid formation in the presence of 10-4M and 2 x 10-4M fluoroacetate have occasionally shown a small increase in the rate over and above that in the absence of fluoroacetate. However, in the latter case the effect could only be shown during the first 2-3 hr. of the experiment, when the endogenous activity was greatest. At concentrations below 10-8M it therefore seemed permissible to disregard the influence of fluoroacetate on the endogenous activity in experiments of the type reported in Table 7 , in which the conversions taking place between the second and the sixth hour have been used as a basis for the calculations. Table 8 shows the results of an experiment on the influence of fluoroacetate on itaconic acid formation with citric acid as substrate. Fluoroacetate caused a pronounced increase in the yield of itaconic acid from citrate. It should also be noted that fluoroacetate was a much more powerful inhibitor of citric acid utilization (Table 8 , column 3) than of glucose utilization (Table 7 , column 3).
In quantitative experiments with non-proliferating mycelia, the amounts of glucose utilized and itaconic acid, pyruvic acid and acetaldehyde produced in both the presence and absence of sodium arsenite were estimated. In the absence of sodium arsenite glucose was converted into itaconic acid with a yield of 40 % (mole for mole). No acetaldehyde and only a faint trace of pyruvic acid was Table 9 . The figures show that substantial amounts of pyruvic acid and acetaldehyde also accumulated in the absence of glucose (column 2), apparently owing to an inhibition of the endogenous metabolism. On the assumption that the endogenous metabolism is equally inhibited in the presence of glucose, the figures for endogenous metabolism have been subtracted from those obtained in the presence of glucose to give apparent production of pyruvic acid and acetaldehyde from glucose (column 4). Since one mole of glucose can, on the basis of the Embden-Meyerhof scheme, give rise to two moles of pyruvic acid in an aerobic fermentation, 75 % of the glucose utilized are accounted for as pyruvic acid. Similarly, assuming by analogy with well-known biochemical reactions that one mole of glucose can, theoretically, give rise to two moles of acetaldehyde, 20% of the glucose utilized is accounted for in the latter product. Thus the amounts of pyruvic acid and acetaldehyde found are 95 % of that expected on a theoretical basis. DISCUSSION
The growth experiments with various sugars and alcohols indicate that closely related compounds differ markedly in their ability to act as sources of itaconic acid (Table 1) . It is especially striking that no itaconic acid was detected in the fermentation liquor in a number of cases where good growth was observed and where the pH was found to be within the range of 2-0-2-2 (Larsen & Eimhjellen, 1955) .
No general relation has been found between the chemical structure of the substrates and itaconic acid production, thus indicating that a cautious interpretation ofthe data is desirable. This is further validated by the fact that maltose, which gave rise to good growth but no itaconic acid in the growth experiments (Table 1) , is readily converted into itaconic acid by non-proliferating mycelia (Table 3) . Previous investigations (Larsen & Hovden, in preparation) have shown that the itaconic acidproducing mechanism is extremely sensitive to external influences, thus suggesting that the great variations in the yields of itaconic acid from the compounds listed in Table 1 might in part be due to toxic trace contaminants in the preparations. A similar argument might be used in the cases of no or only slight growth, although our experience indicates that growth is far less sensitive to external influences than itaconic acid production. On the other hand, the slight growth observed in some ofthe cases might be due to contamination of the substrates with utilizable carbon compounds. The fact that citric and acetic acids are not converted into itaconic acid, although they support good growth, is in agreement with the finding of Calam et al. (1939) . This phenomenon might be explained on the basis of the finding reported in the previous paper (Larsen & Eimhjellen, 1955) that the enzyme system producing itaconic acid is formed only at a low pH. It seemed possible, therefore, that although the pH in the present experiment was as low as could be tolerated by the organism when citric or acetic acids were substrates for growth, it was none the less not low enough to allow the formation of the itaconic acid-producing system. This hypothesis was tested by allowing non-proliferating 10 mycelia, from cultures grown in glucose medium at pH 2-1, to act on citric and acetic acids. Tables 3  and 4 show that under these conditions citric acid, though apparently not acetic acid, does give rise to itaconic acid. Kinoshita (1931) suggested that itaconic acid might be formed from glucose by A. itaconicu8 via citric and aconitic acids as intermediate steps, the latter giving rise to itaconic acid by a simple decarboxylation. The evidence behind the suggestion was his observation that citric acid accumulated in calcium carbonate-buffered cultures, whereas itaconic acid was the main product in acid cultures. Corzo & Tatum (1953) have recently reported that in experiments with [methyl-14C] acetate, [carboXy-14C]acetate and asymmetrically 14C-labelled citrate they have obtained evidence for the relationship of itaconic acid to the tricarboxylic acid cycle intermediates. These authors used the same strain of A. terreus as that used in the present investigation. They found that itaconic acid is formed from citric acid by a pathway which involves loss of the carbon atom derived from the acetate carboxyl, and the conversion of the carbon atom derived from the methyl group of acetate into the methylene carbon of itaconic acid. It should be noted that if cw-aconitic acid were an immediate precursor of itaconic acid, the findings of Corzo & Tatum are incompatible with the present knowledge of the asymmetric behaviour of citric acid (Potter & Heidelberger, 1949) .
The results of the present investigation support the finding of Corzo & Tatum (1953) that itaconic acid is formed from citric acid and suggest that some activated form of citric acid is an intermediate in the conversion of glucose into itaconic acid by A. terreu8. This conclusion is based upon the following observations with non-proliferating mycelia: (a) citric acid can be converted into itaconic acid with an efficiency which is at least as great as that in the conversion of glucose (Table 4) ; (b) citric acid can accumulate when glucose is the substrate, particularly in the presence of fluoroacetate; (c) in the presence of both glucose and citric acid no citric acid isutilizeduntil all glucose is consumed (Table 4) . The latter observation indicates that, when metabolized, these two substrates form the same intermediate, and that this intermediate, which is possibly an activated form of citric acid, is more readily formed from glucose than from citric acid itself.
The experiments reported above have shown that fluoroacetate stimulates the formation of itaconic acid both from glucose (Table 7) and, in particular, from citric acid (Table 8 ). In the latter case it was possible to raise the molar yield of itaconic acid from 18 to 63 %. According to present knowledge the toxic action of fluoroacetate is due to its conversion Bioch. 1955, 60 I955 into fluorocitrate, which compound is a specific inhibitor of aconitase (Peters, 1952; Morrison & Peters, 1954) . There has been some confusion as to whether aconitase is one or two enzymes, but most investigators now seem to agree that only one catalytic centre of the aconitase protein is concerned in the enzymic conversion of citrate into iocitrate, possibly via c8-aconitate (Buchanan & Anfinsen, 1949; Martius & Lynen, 1950; Morrison, 1954) . If this is the case, the consequence of the present observations would be that citric acid is a more immediate precursor of itaconic acid than is ci8-aconitic acid. Besides the experiments with fluoroacetate further support for this viewpoint is furnished by the observation that non-proliferating mycelia are unable to convert cw-aconitic acid into itaconic acid (Table 3) , and by the observation that when a mixture of glucose and cw-aconitic acid is metabolized the amount of itaconic acid formed is appreciably greater than the sum of the amounts of itaconic acid formed from each of the two substrates (Table 5 ).
In interpreting the latter observation the possibility was considered that the presence of glucose might stimulate the conversion of cu-aconitic acid into itaconic acid. However, even if this were the case, the amounts of itaconic acid formed under these conditions were so great that by far the larger part of it must have been formed from glucose, and with a greater efficiency than the corresponding conversion in the absence of ci8-aconitic acid. It can therefore be concluded that ci8-aconitic acid affects the metabolism of the mycelium in such a way that glucose is converted into itaconic acid with a significantly higher yield than in the absence of c8-aconitic acid. This conclusion suggests that c8-aconitic acid inhibits the tricarboxylic acid cycle at the stage of ci8-aconitic acid itself, thus diverting a greater proportion of the metabolic intermediates to the pathway leading to the formation of itaconic acid. Integrating the observations presented it thus seems possible that the presence of cw-aconitic acid promotes the conversion of activated citrie acid into itaconic acid.
Thus postulating activated citric acid as a close precursor of itaconic acid, one might envisage its decarboxylation to citramalic acid followed by a dehydration to form itaconic acid. The experiments showed, however, that DL-citramalic acid was not converted into itaconic acid under the conditions tested (Table 3) .
No satisfactory explanation can be formulated at present for the fact that pyruvic, acetic and oxaloacetic acids, and a mixture of pyruvic and oxaloacetic acids are not, apparently, converted into itaconic acid and even inhibit its endogenous formation (Table 3) . It should be noted in this connexion that in a mixture of glucose and pyruvic acid, the utilization ofglucose is completely inhibited whereas pyruvic acid is consumed as if no glucose were present (Table 6 ). It might therefore be that pyruvic, acetic and oxaloacetic acids completely inhibit the endogenous formation of itaconic acid, and that the small but definite production of itaconic acid observed in the presence of these compounds is due to their partial conversion into itaconic acid.
The fact that non-proliferating mycelia had very little or no ability to convert pyruvic acid into itaconic acid (Table 3) , not even in the presence of oxaloacetic acid, might also be taken as an indication that pyruvic acid is not an intermediate in the conversion of glucose into itaconic acid. However, the experiments with arsenite strongly suggest that glucose is converted into a C3 compound before the formation of itaconic acid, and that the C. compound is pyruvic acid or a compound closely related to it (Table 9 ). Arsenite is reported to inhibit oxidative decarboxylation of a-oxo acids (Walker, 1949) , thus further suggesting that the Ca compound is normally decarboxylated to form 'active' acetic acid. Acetaldehyde, the other product which accumulated when glucose was metabolized in the presence of arsenite (Table 9) , may be formed by the decarboxylation of pyruvic acid as in yeast. The latter reaction is known to be little affected by arsenite (Szent-Gyorgyi, 1930 
